We present an X-ray study of three mixed-morphology supernova remnants (SNRs), HB 21, CTB 1 and HB 3, using archival ASCA and ROSAT data. These data are complemented by archival Chandra X-ray Observatory data for CTB 1 and XMM-Newton X-ray Observatory data for HB 3. The spectra from HB 21 and HB 3 are well-described with a single-temperature thermal plasma in ionization equilibrium, while a two-temperature thermal plasma is found in CTB 1. We found enhanced abundances in all three SNRs. The elemental abundance of Mg is clearly enhanced in CTB 1, while HB 21 has enhanced abundances of Si and S. The situation is not so clear in HB 3 -the plasma in this SNR either has significantly enhanced abundances of O, Ne and Mg, or it has marginally enhanced abundances of Mg and under-abundant Fe. We discuss the plausibility of mixed-morphology SNR models for the three SNRs and the presence of enhanced abundances. We revise a list of MM SNRs and their properties, compare the three SNRs studied here with other members of this class, and discuss the presence of enhanced elemental abundances in MM SNRs. We also report the ASCA detection of a compact source in the southern part of HB 3. The source spectrum is consistent with a power law with a photon index of ∼ 2.7, and an unabsorbed X-ray flux of ∼×10 −12 ergs cm −2 s −1 in the 0.5-10.0 keV band. The column density towards this source differs from that towards the SNR, and it is therefore unlikely they are related. Subject headings: radiation mechanisms: thermal -supernova remnants -ISM: individual(HB 21 (G89.0+4.7), CTB 1 (G116.9+0.2), HB 3 (G132.7+1.3)) -X-rays: ISM
introduction
Mixed-morphology (MM) or thermal composite supernova remnants (SNRs) are characterized by a shell-like morphology in the radio band and centrally peaked thermal emission in the X-ray band (Seward 1990; Jones et al. 1998; Rho & Petre 1998) . Despite the relatively large number (∼ 10%) of Galactic SNRs that display mixed morphology, a mechanism that is responsible for producing such a morphology has as yet not been uniquely identified. There are a few models able to produce centrally enhanced X-ray emission, such as evaporation of clouds which are left relatively intact after the passage of the SNR blast wave (e.g., White & Long 1991) , thermal conduction effects in the remnant interior (e.g., Cox et al. 1999) , or evolution in a medium with a density gradient viewed along the line of sight (Petruk 2001) . The X-ray properties of MM remnants have been defined almost exclusively using ROSAT data (Rho & Petre 1998) ; these SNRs have: 1) centrally peaked thermal X-ray emission, with or without a fainter shell, 2) a flat radial temperature profile, and 3) X-ray emission that arises primarily from shocked interstellar material and not from ejecta. However, recent studies with ASCA indicate that these SNRs have a complex plasma structure, with multiple components (e.g., Rho & Borkowski 2002 ) and enhanced abundances (e.g., Yamauchi et al. 1999; Slane et al. 2002) . We have, therefore, searched the X-ray archives for unpublished ASCA data on MM SNRs, in order study their spectral properties in more detail and construct a more complete picture of MM SNRs. Only three MM SNRs were found with unpublished ASCA data: HB 21, CTB 1 and HB 3, all of which have low X-ray brightness emission and, consequently, low number of counts (∼ 2000 in total) . We also used archival Chandra X-ray Observatory data of CTB 1, and XMM-Newton X-ray Observatory data of HB 3; HB 21 has not been observed by either of the two observatories.
HB 21 (G89.0+4.7) has an angular extent of 120 ′ × 90 ′ and a typical radio spectral index of −0. 4 (e.g. Willis 1973; Reich, Zhang, & Fürst 2003) . Optical emission has been detected towards the SNR, but it is not clear whether it is associated with the remnant (Willis 1973) . The distance estimate of 0.8 kpc to the SNR assumes association with the molecular clouds in the Cyg OB7 complex (Humphreys 1978) . CO and H i observations towards the SNR suggest an interaction with the ambient medium (Tatematsu et al. 1990 ; Koo et al. 2001 ). X-ray emission from HB 21 was first detected by the Einstein IPC (Leahy 1987; Seward 1990 ) and studied in more detail with ROSAT All-Sky Survey data (Leahy & Aschenbach 1996) . CTB 1 (G116.9+0.2) is a ∼ 30 ′ diameter SNR with a break-out morphology in the northeast region. The radio spectral index of −0.6 (Willis 1973) and peak polarization of ∼ 40% at 6 cm (Angerhofer, Kundu, & Becker 1977) confirms the nonthermal nature of the SNR. Optical emission has been detected from the SNR, with a morphology resembling that in radio (e.g., Fesen et al. 1997) . The distance to the SNR is uncertain; suggested values range from 1.5 to 4 kpc (see e.g., Fesen et al. 1997) . The remnant was first detected in X-rays by ROSAT All-Sky Survey and studied in more detail with the ROSAT PSPC data (Craig, Hailey, & Pisarski 1997) .
SNR HB 3 (G132.7+1.3) is 90
′ ×120 ′ in diameter and has radio spectral index of −0.64 (Landecker et al. 1987; Fesen et al. 1995; Reich, Zhang, & Fürst 2003) . The remnant is located next to the W3 H ii complex, and their association, assumed due to their proximity, implies a distance of 2.2 kpc to the SNR (Routledge et al. 1991) . Diffuse and filamentary optical emission has been detected from the SNR, with the strongest emission along the western SNR shell (Fesen et al. 1995) . Studies in the X-ray band have been performed using Einstein observations (Leahy et al. 1985; Seward 1990) .
No associated radio pulsar has been found in any of the three SNRs so far (Lorimer, Lyne, & Camilo 1998) . A radio pulsar PSR J0215+6218 has been discovered within (in projection) the HB 3 boundary, but it appears to be much older than the remnant and therefore not associated with the SNR (Lorimer, Lyne, & Camilo 1998) . Also, an unassociated X-ray pulsar has been discovered at the edge of the north-east region of CTB 1 (Hailey & Craig 1995) .
In section 2 we describe the data used in this study. In section 3 we describe results on individual remnants, and compare our results with observations at other wavelengths. In section 4 we compare our results with models for MM SNRs, and discuss the presence of enhanced abundances in MM SNRs. The conclusions are given in section 5.
data 2.1. ASCA data
We obtained ASCA data provided with the standard screening process from the HEASARC (High Energy Astrophysics Science Archive Research Center) public database. ASCA (Tanaka, Inoue, & Holt 1994) comprises two detector pairs: the Gas Imaging Spectrometers (GIS2 and GIS3), each with a field of view 40 ′ in diameter, and the Solid-State Imaging Spectrometers (SIS0 and SIS1) with four CCDs, each of 11 ′ ×11 ′ in size. The SIS(GIS) detectors cover an energy band between 0.4(0.6) and 12 keV, have spectral resolution of about 0.1(0.2) keV at 1 keV and combined with the X-ray telescope provide on-axis angular resolution of about 2 ′ (SIS) and 3 ′ (GIS). Details of the ASCA observations of the three SNRs, including observational sequence numbers, date of observations, total exposure times and observing modes, are listed in Table 1 . A different number of the SIS CCDs can be exposed at a time, giving 1-, 2-, or 4-CCD modes. Each SNR has been observed with at least two pointings. We used standard routines for spectral analysis of ASCA data in Xselect from Ftools analysis package. The data for each SNR were taken later in the mission and additional processing of the SIS data was needed to correct for degradation of the CCDs. Thus, we corrected the SIS data for charge transfer inefficiency (CTI), residual dark distribution (RDD) and dark frame error (DFE) effects (for more details see e.g., Dotani et al. 1997) . However, even after these corrections, some discrepancy between GIS and SIS spectra below 1 keV can remain 2 , potentially leading to large discrepancies between SIS-and GIS-derived column densities. Therefore, we perform a joint spectral fitting of GIS and SIS spectra for the regions common to both GIS and SIS detectors, which we refer to in the text as SIS regions. We consider separately the entire portions of the remnants that are covered in each GIS detector, which we refer to in the text as GIS regions. In pointings where strong point sources were present, these were removed before extracting the spectra.
For background subtraction we used blank-sky observations from high Galactic latitude fields from which bright point-like sources were removed. Additional background X-ray emission attributed to the Galactic ridge was found to be present, mostly in the high-energy (≥3 keV) part of the spectrum, which was accounted for in our spectral fitting in a following manner. We subtracted a blank sky background from a spectrum created using a sourcefree region on the GIS detector. The residuals from this subtraction were then fitted with a model consisting of a power law; some indication of lines were present but they were too weak to be fitted by Gaussians. This was then added as a background model in spectral fits, normalized by the solid angle of the source region.
ROSAT data
We obtained the ROSAT data from the Max-Planck Institut für Extraterrestrische Physik public database 3 and used them primarily to produce X-ray images of the whole remnants. The Position-Sensitive Proportional Counter (PSPC; Pfeffermann & Briel 1986 ) on board ROSAT (Trümper 1983 ) has field of view of ≈ 2
• , spectral resolution of about 0.45 keV at 1 keV, energy range of 0.1-2.4 keV, and angular resolution of 15 ′′ .
All three SNRs have extents larger then 40
′ , the diameter of the central PSPC region, where the PSPC response is most uniform and sensitive. Therefore, all three sources have been observed with two or more pointings. Observational sequence numbers, dates of observation and total exposure times are listed in Table 2 . For creating mosaic images from ROSAT PSPC data we used standard procedures in the EXSAS software package (Zimmermann et al. 1994) .
We also created PSPC spectra to use in conjunction with ASCA data to constrain the column density (since PSPC data extend to lower energies than the ASCA detectors). For spectral analysis of PSPC data, standard routines in Xselect were used. Point sources were removed when creating ROSAT spectra. In all cases a spectrum for background subtraction was obtained from emission-free regions at the edge of the detector.
Chandra data
The observations of CTB 1 were obtained from the Chandra Data Archive. The Advanced Camera for Imaging and Spectroscopy (ACIS) on-board Chandra consists of two CCD arrays, the ACIS-I comprising of four CCDs arranged in a square, and ACIS-S comprising of six linearly adjacent CCDs (ACIS-S). Each CCD is about 8 ′ × 8 ′ in size. Only six CCDs can be used at one time. ACIS covers the energy band between 0.1 and 10 keV and has an energy resolution of 0.1 keV at 1 keV, and sub-arcsecond angular resolution.
CTB 1 was observed with an ACIS exposure of 50 ks on 2002 September 14 (ObsID 2810). The observations were motivated by a search for a neutron star associated with the SNR (e.g., Kaplan et al. 2004) . Four ACIS-I and two ACIS-S (S2 and S3) CCDs were used. Most of the SNR was covered with the four ACIS-I chips. Data were taken in full-frame timed-exposure mode with the standard integration time of 3.2 s. Data were reduced using standard threads in CIAO v.3.1, and calibration database CALDB v.2.28. The corrections for the effect of increased CTI and degradation of the low-energy (E < 1 keV) quantum efficiency of the ACIS were included in the standard procedures for CIAO v.3.1. The effective exposure time after data processing and screening for "flaring" pixels was unchanged. We used weighted response matrices for spectral fitting to account for CTI effects across the ACIS CCDs. For background subtraction we used the blanksky observation files, following the standard procedure in CIAO v.3.1.
XMM-Newton data
We obtained archival XMM-Newton data for HB 3 from the HEASARC archive. The XMM European Photon Imaging Camera (EPIC) comprises three detectors: one pn and two MOS cameras. They cover the energy band between 0.2 and 12 keV, and have energy resolution of 0.15 keV at 1 keV. Their on-axis angular resolution is around 6
′′ FWHM and 15 ′′ HPD, and the field of view is around 30
′ . The XMM observation of HB 3 was carried out on 2003 February 1, with an 8 ks pn exposure and 3 ks MOS exposure (ObsID 0150960401). As for CTB 1, these observations were motivated by a search for a neutron star associated with the SNR (e.g., Kaplan et al. 2004 ). The EPIC-pn camera was operated in Full Frame mode with a time resolution of 73 ms, while the two EPIC-MOS cameras were operated in Full Frame mode with a time resolution of 2.6 s. The thin filter was used for all three cameras. The EPIC data reduction was performed using the SAS software package version 6.0.0. The event files used for analysis were created from observational data files (ODFs) using the SAS tasks EPCHAIN and EMCHAIN. The observations were found to be affected by periods of high particle background, and the net exposure time after filtering event files for good time intervals was 3 ks in the pn camera and 1.6 ks in each MOS camera.
In spectral analysis the blank sky observations were used for background subtraction. We used scripts supplied by the University of Birmingham XMM group 4 to adjust the blank sky event file to match our data event file and to extract the source and the background regions (for more detail description of procedure see e.g., Sasaki et al. 2004) . We then fitted the source spectrum and the background spectrum simultaneously, including recommended spectral components for the XMM detector background (see e.g., Lumb et al. 2002) .
Radio
For a comparison with radio data we used the 92 cm observations from the Westerbork Northern Sky Survey (WENSS), obtained from the SkyView public database.
We smoothed the radio data from their original resolution of 54 ′′ × 54 ′′ cosec(δ) to 2 ′ -3 ′ in order to improve signalto-noise in the images.
results
To examine the SNR morphology we used both PSPC and GIS images. We generated exposure-corrected PSPC images using photons with energies between 0.2 and 2 keV. The GIS images were exposure-corrected, background subtracted and masked in regions where the exposure falls below 15% of the maximum value. Photons with energies between 0.7 and 10.0 keV were used for making the GIS images.
The final spectral analysis was performed using the ASCA data alone, because adding the ROSAT PSPC spectra did not improve the fit or constrain the parameters derived from spectral fitting significantly. We used a model for interstellar absorption by Morrison & McCammon (1983) , in combination with a model for an optically thin thermal plasma in collisional ionization equilibrium (CIE; VRAY(MOND); Raymond & Smith 1977) . We also used a plane-parallel time-dependent ionizing plasma model (VPSHOCK; Borkowski, Lyerly, & Reynolds 2001) , and an ionizing collisional plasma model which assumes a single ionization parameter (VNEI; Mazzotta et al. 1998 ). The VPSHOCK model can provide useful information on emission from the SNR boundary regions (e.g., NE region in CTB 1 or N3 region in HB 3) where we can expect a range of ionization timescales if the evolving shock (i.e. forward shock) is present. The central SNR regions were presumably shocked some time ago, and equilibrium models such as VRAY or VNEI are more appropriate. The GIS data can suffer from gain variations, and we applied gain corrections when fitting GIS data resulting in gain adjustments of 1%-3%; these corrections did not always improve the fit, nor did they change the fit parameters significantly and are, therefore, not used in the final fits. All the spectra were grouped to ensure a minimum of 25 counts per bin. Due to the low X-ray surface brightness of the SNRs, a detailed spatially resolved spectral analysis for each pointing was not possible. However, since ASCA pointings cover different regions of the SNRs, they do provide spatially resolved spectral analysis to a limited extent.
HB 21 (G89.0+4.7)
3.1.1. Morphology Figure 1 shows the ROSAT PSPC mosaic image of HB 21, composed from six pointings and smoothed with a Gaussian of 5 ′′ FWHM. Regions covered by the ASCA detectors are also marked. As shown before (Leahy & Aschenbach 1996) , the X-ray emission is centrally concentrated, and appears elongated in the northwest-southeast direction. The ASCA GIS image of the central part of the SNR, and the overlay of the GIS contours onto the ROSAT image are shown in Figure 2 . There is a good correlation between the two images. The X-ray emission from the SNR appears clumpy both in the PSPC and GIS images. The GIS image appears to have a half-circular shell-like feature oriented northeast-southwest and stretching through the center which is not obvious in the PSPC image. We note that this shell coincides with the edge of one of the GIS (P1) pointings, and thus could be an artifact of the mosaicing. To investigate this structure in more detail, we produced an exposure-corrected image of pointing P2 alone. The half-circular feature is still present, which suggests it is real. The two brightest clumps of Xray emission are located along this bright shell in the GIS image and they do not have corresponding bright emission in the PSPC image. This suggests that the bright shell and the two bright clumps, have the harder spectrum than the other parts of the SNR that have corresponding PSPC emission. We also produced soft (0.7-2.5 keV) and hard (2.5-10.0 keV) band GIS images, but we found no significant differences, probably due to the relatively low number of counts available.
Radio and X-ray emission from HB 21 are compared in Figure 3 , which shows that there is no radio emission corresponding to the central X-ray emission. The fainter, diffuse X-ray emission extends towards the radio limbs in all directions except for the east. Leahy & Aschenbach (1996) suggested that the emission from the eastern SNR shell is affected by absorption from the molecular clouds associated with HB 21, which have column densities of (2.5-5.5)×10
21 cm −2 (Tatematsu et al. 1990 ). Optical images also imply that extinction towards the eastern SNR region is higher than elsewhere (Willis 1973) . Tatematsu et al. (1990) suggested an interaction between the H i and CO gas along the eastern SNR shell, on the basis of morphology. Observations with improved spatial resolution by Koo et al. (2001) confirmed the presence of molecular gas along the eastern SNR boundary, but found little correlation between features in the molecular cloud and the SNR brightness distribution, or small-scale morphology. They also found no direct kinematic evidence of interaction (e.g., broad molecular lines) between the eastern clouds and the SNR shell. Instead, broad molecular lines are found toward the bright radio regions in the north and south part of the SNR shell. The IR emission is present along the SNR boundary, and shows large-scale correlation with CO emission. Using the 60 and 100 µm ratio, Koo et al. (2001) found additional support that interaction at the eastern SNR shell is unlikely, while the IR emission from the north and south clouds has a higher 60/100 µm ratio, suggestive of shock origin. The northern and southern bright radio regions lack X-ray emission, as shown in Figure 3 , indicating that X-ray emission from the SNR has been absorbed or the shock could have gone radiative due to interaction with molecular clouds.
Spectra
The joint fits to the GIS and SIS spectra from the two SIS regions of HB 21 are shown in Figure 4 . The He-like Si line feature is prominent in both the GIS and SIS data. The VRAY model gave a satisfactory fit to the spectra, but the VNEI model gave an improved fit (4σ significance) in most cases; the VNEI fit parameters are summarized in Table 3 . We note that high values of n e t imply that plasma is close to, or have reached equilibrium, and thus, VRAY model is acceptable as well. The fit with solar abundances was improved significantly for some regions when the Si and S abundance was thawed. There is no significant variation in temperature between the two pointings, but there could be some variation in the column density, with the P2 pointing having higher column density than the P1 pointing. Slightly enhanced abundances imply that the X-ray plasma in HB 21 comprises supernova ejecta mixed in with the swept up shocked material. The bright shell-like feature revealed in the GIS image could be then formed by the reverse shock.
Spectral parameters obtained from the ASCA data are broadly in agreement with the fit parameters derived from the previous study using ROSAT data alone (Leahy & Aschenbach 1996) . In general, column densities inferred from ASCA spectra tend to be higher than those from the PSPC. This is a direct result of the different bandpasses. The column density of ≈ 4×10 21 cm −2 derived here seems high for an SNR as close as 0.8 kpc, but this column density is comparable to the column density of the eastern molecular clouds observed by Tatematsu et al. (1990) . Thus, it seems that most of the column density to the SNR is coming from the eastern molecular cloud, and it is plausible that the eastern SNR shell could be more absorbed than the rest of the SNR. Another possibility is that the shock has encountered a nearly circular (in projection) cavity edge in the southern half of the remnant (as in the Cygnus Loop SNR).
CTB 1 (G116.9+0.2)

Morphology
In Figure 5 we show the ROSAT PSPC image created from the two CTB 1 pointings, as well as regions covered by the ASCA and Chandra observations. The X-ray emission extends from north-east to south-west with the brighter emission to the south-west, as shown by Craig, Hailey, & Pisarski (1997) . The GIS image and its comparison to the PSPC image is shown in Figure 6 . There are several point sources in the field, one of which is an unrelated X-ray pulsar (undetected in radio band) in the north-east region outside the SNR radio shell. The two point sources prominent in the center of the SNR are also obvious in the GIS data. There is a good overall correlation between the diffuse SNR emission in the GIS and PSPC images. As for HB 21, we produced soft and hard band ASCA images to investigate possible spectral variations, but found no significant differences.
Comparison with the 92 cm WENSS radio image in Figure 7 shows that X-ray emission is concentrated inside the radio shell, and has a break-out morphology in the northeast, extending further than the radio emission. CTB 1 has almost perfect spherical radio morphology which suggests that the blast wave has been expanding into a relatively uniform ambient medium, except for in the northeast. The optical emission resembles the radio emission, showing limb-brightened filaments and diffuse emission in the remnant's interior (e.g., Fesen et al. 1997) . The northeast region has been suggested to be a blow-out of the SNR shock into a lower-density medium, or an unrelated SNR associated with the X-ray pulsar (Hailey & Craig 1995) . The morphology of optical filaments corresponding to the north-west X-ray emission supports the blow-out scenario (Fesen et al. 1997 ). H i gas in the region is distributed mostly in the southern half of the remnant, having an arc-like appearance (Landecker, Roger, & Dewdney 1982; YarUyaniker et al. 2004) , and suggests that the remnant has been influenced by the density distribution of the ambient gas.
Spectra
The spectra from the GIS regions in the W and NE pointings are shown in Figure 8 . Bright point sources have been excluded when extracting the source spectra. No line features are prominent in the GIS spectra; the spectra are fitted well with a single-component VRAY model with solar abundances. The VPSHOCK model gives fit parameters for the NE region consistent with those from VRAY model. The SIS and GIS spectra from the SIS-covered W pointing are also shown in Figure 8 ; some indication of a Mg line is present. A single-component VRAY model to these spectra resulted in large residuals (χ 2 ν ≈ 2), and addition of a second thermal component improved the fit significantly. The two-component model requires a cold plasma component with kT ∼ 0.2 keV, and a warm plasma component with kT ∼ 0.8 keV. The spectra from the SIS regions prefer enhanced abundances of Mg, but only in the higher temperature component. The same hard component can be added to the GIS spectra, but does not improve the fit significantly (the improvement is less than 2σ) and it is about 100 times weaker than the soft component. This implies that the hard component is more diluted in the larger area covered by the GIS field of view, and is, therefore, concentrated more in the center of the SNR. The fit parameters are summarized in Table 4 . The column density and temperature of the cooler plasma component we derive here are consistent with those derived from the previous study with the ROSAT data alone Craig, Hailey, & Pisarski (1997) .
A Chandra spectrum has been obtained from four 5 ′ -square regions from four ACIS-I chips, covering the brightest part of the SNR. As mentioned before, blank-sky observations were used for background subtraction. We have verified that there is no significant contribution from the Galactic ridge emission by comparing the blank sky spectrum with that of the local background taken from the source-free region. The ACIS spectra are shown in Figure 8 and the spectral fit parameters are listed in Table 4 . As for W-SIS regions from the ASCA data, the ACIS spectra require a two-component thermal model, but prefer a nonequilibrium VNEI model (χ 2 = 374.4 for 468 d.o.f.) model to VRAY (χ 2 = 433.6 for 470 d.o.f.). The spectral parameters obtained with Chandra are consistent with those obtained with SIS-covered ASCA spectra, including the detection of enhanced abundances of Mg. Lines of O and Ne+Fe-L blend are also clearly visible in the ACIS spectra. As in the case of HB 21, detection of enhanced abundances in CTB 1 implies the presence of ejecta in this SNR.
There are several point sources from the WGA ROSAT Point Source catalogue (White, Giommi, & Angelini 2000) towards CTB 1. One of the sources is the unrelated Xray pulsar RXJ 0002+6246 (1WGA J0002.9+6246 Hailey & Craig 1995) located outside the SNR shell in the north-eastern region. We detected 120 ± 40 backgroundsubtracted counts within the 6 ′ -radius circle at the location of the X-ray pulsar, but no compact source is obvious in the GIS data. Other WGA sources also have a low number of counts, and we are unable to investigate their nature in more detail.
HB 3 (G132.7+1.3)
Morphology
The ROSAT PSPC image, composed of four pointings towards HB 3, is shown in Figure 9 , including the SNR regions covered by the ASCA and XMM detectors. The PSPC image has been smoothed with a Gaussian of 5 ′′ FWHM. The X-ray emission is brightest in the center, with fainter emission extending to the north and south. As noted by Leahy et al. (1985) , the central emission appears as a ring with a radius of ∼ 16 ′ . The GIS image and its overlay with the ROSAT image are shown in Figure 10 . The GIS image also shows bright emission corresponding to the PSPC ring. The X-ray emission from the north region shows good correlation between GIS and PSPC data, and there is a prominent bright clump between the central and north pointing. As for HB 21 and CTB 1, we produced soft and hard band ASCA images to investigate possible spectral variations, but we found no significant differences. In the south region, however, the ASCA observations reveal the presence of a compact source, possibly coinciding with the ROSAT All Sky Survey source 1RXS J021703.6+620136 (within the position error of 14 ′′ ). We analyze this source in more detail in section §3.3.3.
The comparison between the radio and X-ray emission is shown in Figure 11 . As mentioned before, HB 3 is located close to the W3 H ii region, which can be partially seen in the south-east corner of the radio image in Figure 11. There is not much correlation between the radio and X-ray morphologies, as noted before by Leahy et al. (1985) . Diffuse X-ray emission extends to the north radio shell, and weaker diffuse emission extends to the southern radio limb. It is not clear whether this southern emission belongs to the SNR, or to a newly detected compact ASCA source. Routledge et al. (1991) suggested that the fainter diffuse emission at the SNR's north part is caused by a density gradient produced by evolution in a cavity, rather than by a Galactic plane gradient, because the elongation of the SNR is not perpendicular to the Galactic plane (∼ 75
• ). The bright inner SNR ring was suggested to be due to a second SNR, a pre-supernova circumstellar shell, or an unusual density distribution in the ejecta (Leahy et al. 1985) . The lack of X-ray emission in the south-eastern region was attributed to absorption along the line of sight to the remnant (Leahy et al. 1985) , which was supported by the detection of a CO cloud ), suggested to be interacting with the remnant on the basis of morphological agreement (Routledge et al. 1991) . OH(1720 MHz) masers, which are recognised as the signpost for molecular cloud interaction with an SNR (e.g., , have been detected towards the W3/HB 3 complex. One of the masers is located very close to the SNR, with a velocity close to the systematic velocity of the gas associated with the remnant; the maser is, however, located outside the SNR shell and is believed to be associated with star-forming phenomena rather than the SNR shock (Koralesky et al. 1998 ). Optical emission from the SNR was found to be well-correlated with the ra-dio emission, with a multiple shock structure found in the western SNR shell and lack of emission in the southeast region (Fesen et al. 1995) .
Spectra
The GIS and SIS spectra from the two SIS regions (SIS0 and SIS1 cover different regions; see Fig. 9 ) in the central pointing towards HB 3 are shown in Figure 12 . Bright point sources have been excluded when extracting the source spectra. The VRAY model with enhanced Mg abundances was able to give a satisfactory fit to the spectra from the central SIS0 pointing, but the region corresponding to the SIS1 pointing does not require enhanced abundances. For completeness, we list the Mg abundances for both SIS pointings in Table 5 , together with other fit parameters. The joint fit to the GIS and SIS spectra from the north pointing was performed for the two SIS CCDs separately (marked N3-south and N3-north in Fig. 9) . We also applied the VPSHOCK and VNEI models to the N3 regions, and the spectral parameters were consistent with those from the VRAY model. The spectral fits to the N3-north region give solar abundance and higher plasma temperature than the central SNR region. That is also the case for the N3-south region, with a difference that the column density is slightly lower than in the central region. If we freeze N H to the value from the N2 regions when fitting the N3 regions, we get a plasma temperature consistent with the N2 pointings for N3-north, while N3-south still requires a slightly higher temperature. Leahy et al. (1985) reported that the plasma temperature decreases from 1 keV in the center, to 0.3 keV towards the edge. We find a low temperature in the SNR center with the ASCA data and that the plasma temperature, and possible the column density, varies non-uniformly from the center of the remnant to the north.
An XMM spectrum obtained from the 5 ′ -radius region from the central region of the EPIC-pn detector is shown in Figure 13 . No spectra were obtained from the EPIC-MOS detectors due to a very low number of counts in these two detectors. Because the diffuse emission from the remnant covers the whole detector, we used the blank sky observations for background subtraction. The source and background spectrum were fitted simultaneously. The background was modeled with two thermal components using the VRAY model with temperatures 0.08 and 0.2 keV (Lumb et al. 2002) , in combination with a power low model and zero-width Gaussians to account for the detector background. The SNR emission was modeled with the VRAY or VNEI model, which was not applied to the background spectrum. We achieved a good fit with a singletemperature plasma component with enhanced Mg abundance (χ 2 ν =1.21), and the fit parameters are consistent with those from the central ASCA (N2) pointing. However, some residuals were still present in the XMM spectrum in the 0.6-1.0 keV range. This is the energy range where O and Ne lines are present, as well as Fe L-shell lines (e.g., Masai 1997; Brickhouse et al. 2000) . Therefore, we thawed the O elemental abundance next, in addition to Mg, which improves the fit significantly. We list parameters of this fit in Table 5 . However, if the Ne abundance is thawed next, the fit is also improved significantly, but the column density and temperature change considerably (N H ∼ 0.5 cm −2 and kT ∼ 0.3 keV) and the fit values are not consistent with ASCA results anymore. Thawing Fe abundances no longer improves the fit. On the other hand, if Fe is thawed first, in addition to Mg alone, the fit is also improved and results in slightly enhanced Mg and under-abundant Fe. However, the column density and temperature also change to above values. Therefore, we can not determine with certainty the elemental abundances of Ne and Fe, as well as the N H and kT values sampled by the XMM region. These issues will possibly be resolved with new data obtained recently with XMM towards four regions of HB 3, including the central region.
In summary, the ASCA data for HB 3 indicate that there is an enhanced abundance of Mg present only in the center of the remnant. The XMM data suggest a few possibilities, including enhanced abundances of Mg, Ne and O, or enhanced abundances of Mg and sub-solar abundances of Fe. It is not too surprising to have different fit parameters from the XMM and ASCA spectra, because XMM is more sensitive than ASCA at lower energies, and the regions sampled by the two observatories differ somewhat. As for the origin of the inner ring in HB 3, our data are not sensitive enough to discriminate between the scenarios suggested above.
Point sources in HB 3 field
There are a few point sources identified from the WGA catalogue present in the field towards HB 3, but none of them have enough counts in the ASCA data to be analyzed here. No X-ray emission was detected from the radio pulsar PSR J021800.0+621000, which is not surprising considering its age (∼10 6 yr; Lorimer, Lyne, & Camilo 1998).
To investigate the nature of the bright southern source detected with ASCA we used only the SIS spectra, shown in Figure 14 , because the SIS detectors have a smaller point spread function than the GIS detectors. The source spectra were extracted from the 4 ′ circular region around the compact source, resulting in about 200 background subtracted counts, and the background spectra are extracted from the thin ring-like region around the source region. While a thermal model of plasma in equilibrium (RAY), and also a bremsstrahlung model can be rejected because of statistically unacceptable fits (χ 2 ν ∼ 3), both a power law and blackbody models give reasonably good fits to the source spectra. The fit parameters for the power law model are: a column density of N H =2.9 (1.8-4.1)×10 21 cm −2 , photon index of Γ=2.74 (2.39-3.16), and χ 2 ν = 1.60 for 27 degrees of freedom. The fit parameters for the blackbody model are: N H =1.1 (0.4-2.1)×10 21 cm −2 , temperature of kT =1.91 (1.35-2.75) keV, and χ 2 ν = 1.90 for 27 degrees of freedom. An unabsorbed X-ray flux in the 0.5-10.0 keV band is, for both models, 10 −12 ergs cm −2 s −1 . The column density appears to be, for both cases, lower than from the SNR, suggesting that the source is probably not at the same distance as the SNR.
The photon index from the compact source is softer than that of classical young pulsars which are found with photon index values between 1.1-1.7; it is also harder than the photon index values found in compact central objects (CCOs) and anomalous X-ray pulsars (AXPs) with a pho-ton index of ∼ 4 (e.g. Chakrabarty et al. 2001 ). There is a small-diameter source present in the WENSS radio image that coincides with the location of the ASCA source. Landecker et al. (1987) derived a steep radio spectral index of −0.98±0.8, using observations at 408 MHz and other available frequencies. The field towards this region is crowded with optical and infrared source, but since we do not know the exact position of the possible point source, we cannot determine if there is an optical or infrared counterpart to the ASCA source. Further observations are needed to establish the exact nature of this source.
discussion
SNR properties
Our study confirms the thermal nature of the central X-ray emission in three SNRs -HB 21, CTB 1 and HB 3 -classified as mixed-morphology SNRs. In addition, we detected enhanced abundances in all three SNRs. HB 21 shows a flat temperature of around 0.6 keV across its center, which is similar to value often found in MM SNRs (Rho & Petre 1998) . Unlike for the other two SNRs studied here, there are no ASCA pointings towards the edge of the SNR shell in HB 21, and therefore, we do not have a complete knowledge of the temperature distribution in this remnant. ASCA data show a possible column density variation in HB 21, with higher column density in the P2 pointing. This is consistent with a suggested interaction with molecular clouds in that region. There are bright radio indentations north and south from the P2 pointings and this is where Koo et al. (2001) detected broad molecular lines. Interactions with dense material may have resulted in the formation of a radiative shock in these regions, which would explain why there is no Xray emission corresponding to these bright radio regions, while there is X-ray emission corresponding to the radio shell extending to the west, right next to it. The spectrum of HB 21 is dominated by the Si line, and we found enhanced abundances of Si and S in the center of the SNR.
Observations of CTB 1 reveal two plasma components in this remnant, one around 0.2 keV with solar abundances, and the other around 0.8 keV with enhanced Mg. Line features between 0.6 and 1.5 keV are visible in the Chandra spectrum of CTB 1. We found enhanced abundances of Mg for the higher temperature component only from SIS and ACIS regions in CTB 1, implying the presence of ejecta in the center of CTB 1. The presence of two thermal components is similar to what is seen in ASCA observations of IC 443 , although without enhanced abundances. The higher sensitivity of the IC 443 data allowed spatial identification of its spectral component as a cool X-ray shell and warmer central region. Indeed, IC 443 and CTB 1 share similar morphology, both having a blowout region on one side and interaction with dense H i material on the other side. The 0.2-keV component in CTB 1 could thus originate from a cooled SNR shell, since we see X-ray emission in CTB 1 extending up to the radio shell, mostly in the north-west side. H i material is densest in the south-east region and the radio continuum is brightest here (Landecker, Roger, & Dewdney 1982) , so it could be that the SNR shock cooled down significantly here due to an encounter with the denser material. On the other hand, the plasma in CTB 1 might be similar to that in W28, where two distinct plasma components are found in the center of the SNR, although without enhanced abundances; the soft plasma component here was suggested to originate from denser clumps embedded in diffuse hot gas .
For HB 3 the situation is not so clear. ASCA observations indicate a small but significant column density and plasma temperature variation from the center of the SNR towards the northern shell. There seems to be a single plasma component present, with enhanced elemental abundances of Mg in the center of the SNR. However XMM data allow for a different possibility, which results in a lower column density in the center and a higher plasma temperature than derived from the ASCA data, as well as additional enhanced abundances of O and Ne or sub-solar abundances of Fe.
MM models
A characteristic feature of MM SNRs is a flat temperature profile. Due to the low number of counts in the SNRs studied here, we are unable to derive the radial temperature distributions. Nevertheless, we consider different models that can produce centrally-concentrated X-ray emission in the three SNRs studied here.
Evaporating clouds
One of the earliest MM SNR models invokes evaporation of clouds which are left relatively intact after the passage of the SNR blast wave (e.g., White & Long 1991) . In such a case most of the X-ray emitting gas is due to dense embedded molecular material that evaporates in the SNR interior due to saturated thermal conduction in the hot gas. This model depends on the C/τ ratio, where C is the ratio of the mass in the clumps to the mass of intercloud medium, and τ is the ratio of the cloud evaporation time to the SNR's age. Ratio C/τ = 3-5 is found to be the most appropriate for the steep radial surface brightness profiles of MM SNRs (White & Long 1991) . The remnant is assumed to still be in the adiabatic phase, and the post-shock temperature is thus related to the observed temperature of the X-ray gas in the Sedov phase, scaled by a K/q factor which depends on the C/τ ratio (White & Long 1991) :
(1) Typical K/q values for C/τ =3-5 are 1.0-1.3. Note that T s refers to the case where electron-ion equilibrium is assumed. The Rankin-Hugoniot relation for the temperature of shocked gas with adiabatic index γ = 5/3 is used to derive the velocity of the blast wave:
where µ = 0.604 is the mean atomic weight, and the age of the remnant is:
The explosion energy is found from
The SNR dynamical parameters for the central SNR pointings obtained from this model are listed in Table 6 . Although significant evidence exists that CTB 1 and HB 3 are in the radiative phase of evolution and, thus, the evaporating model is unlikely scenario for them, we list parameters of this model for all the SNRs for completeness. The SNR parameters used for calculations, like shock radius R, emission volume V , distances d to the SNRs are also listed in Table 6 . The post-shock electron densities n H are derived from X-ray emission measure EM = n 2 H f V /4πd 2 . The emission volume V was taken to be a slab whose area corresponds to the spectral extraction region, and for depth we took half of SNR diameter, the later being a simple way to account for the fact that X-ray emission does not fill the whole remnant. For comparison, we also list the values obtained using Sedov solutions in Table 6 . The observed densities for Sedov solution range from low values between ∼ 0.07 cm −3 in HB 3 to more typical values of ∼ 0.4 cm −3 in CTB 1. We note that these values may not represent the immediate post-shock densities for the Sedov solution, but we carry out the calculations to illustrate how SNR parameters change depending on the SNR model applied. The SNR age ranges from 5×10 3 years in HB 21 to 3×10 4 years in HB 3. The explosion energy derived from Sedov solutions is more than one order of magnitude lower from the canonical explosion energy of 10 51 ergs. The explosion energy derived from the evaporating cloud model is higher than for the Sedov model, but still an order of magnitude lower than 10 51 ergs in most cases. This is often the case when evaporation model is applied to MM SNRs (e.g., Harrus et al. 1997; Slane et al. 2002 ).
Radiative SNRs
Another model has been applied to explain the emission for the mixed morphology SNR W44 Shelton et al. 1999) as due to the effect of thermal conduction in the interior of the radiative remnant that is expanding into a density gradient. In the radiative phase of SNR evolution the shock temperature falls below ∼0.1 keV, and there is no X-ray emission above ∼1 keV from the SNR shell. The soft X-ray emission from the radiative shock is readily absorbed, and so the central hot region of the SNR dominates the X-ray emission. The Sedov model for this phase gives a high temperature but low density in the center of the remnant which would result in low emission from the center. Thermal conduction via Coulomb collisions between the electrons and ions inside the hot plasma (Spitzer 1956 ) can reduce the central temperature and increase the central density, which can dramatically increase the brightness of the central emission. Thermal conduction was thought not to be significant in SNRs because of the presence of strong magnetic fields, but it is possible that the magnetic fields get swept up from the SNR interior which enables efficient thermal conduction.
We examine the possibility that the three SNRs studied here are in the radiative phase. All three SNRs are found with dense gas present in their vicinity, as suggested by H i and CO observations. The radiative shell size R s and shell formation time t shell for an SNR can be found from :
sh,20 pc,
where n sh is the ambient gas density and t sh,20 = t shell /(20 000 yr). Using a canonical SNR explosion energy E 51 = 10 51 ergs, we plot R s and n sh for a range of t shell values in Figure 15 . Taking the observed shock radius for each remnant (as found from radio observations) to be the radius at which the SNR has entered the radiative phase we can set a lower limit to the ambient density. The resulting time required for the onset of the radiative phase at the current SNR radius (which is an upper limit to the age, assuming the radiative phase was reached sometime before the current epoch) is about two times higher than the age derived from the Sedov and evaporation cloud models for all three SNRs. Note that uncertainties in the radius lead to uncertainties in the derived density and shell formation time, but these are not significant. If thermal conduction is important in the SNR interior, then the radiative shell formation stage could be reached even earlier. More detailed modeling is required to determine whether thermal conduction effects are fully consistent with the observations.
To estimate the central density n c of the X-ray emitting gas we use relations from Cox et al. (1999) :
18/71
(7) where t cool ≈ (7/6)t shell is the cooling time for the SNR. The calculated n c values are also plotted in Figure 15 ; these represent lower limits for each indicated SNR. They are significantly higher than the electron densities derived from the emission measure in Table 6 for HB 21 and CTB 1, but comparable for HB 3. We note that equation 7 corresponds to full conduction, but it is weakly dependent on this; reduction of the conduction by a factor of ten reduces the central density by a factor of less then two. Thus, even though the full conduction case is inconsistent with the assumptions made in deriving the onset of the radiative phase (because the internal pressure is reduced in the presence of conduction), the associated central density predictions are not particularly sensitive to this. We conclude that the ambient densities required for the SNRs discussed here to reach the radiative phase by the current ephoch are consistent with inferred densities around the remnants, but that the central densities derived by our spectral fits are lower than expected under such a scenario. It is possible that the assumed volume for the X-ray emission region has been overestimated in deriving these densities, but current data are too sparse to better quantify the distribution of the multiple emission components. Deeper X-ray observations of these SNRs are needed to more fully investigate their evolutionary states.
Presence of ejecta in MM SNRs
The detection of the enhanced abundances in three MM SNRs studied here suggests that we detect contributions from shocked SN ejecta. Enhanced abundances have been found in a significant number of MM SNRs now. In Table 7 we list the SNRs identified as MM type, and briefly summarize their properties. Of 23 SNRs, 10 show evidence for enhanced abundances, and 5 of those detections are confirmed by Chandra or XMM observations, including two SNRs studied here. Some of the remnants have multiple-component plasmas and enhanced abundances, like CTB 1, possibly indicating that the ejecta and sweptup components are spectrally resolved. In other SNRs with a single component plasma and enhanced abundances, like HB 21 and HB 3, the ejecta component might be more mixed with swept-up material and better statistics are needed to resolve the two components. We excluded W49B from the sample of MM SNRs with enhanced abundances because this remnant might be ejecta-dominated rather than swept-up mass dominated, and therefore not a true MM SNR (for a different view see Kawasaki et al. 2005) . However, W49B might prove to be in a pre-MM stage, while 3C 391, which has solar abundances, might represent a later stage of MM SNRs when ejecta is well mixed with swept-up mass. Kes 79 is another SNR classified as MM that has solar abundances (Sun et al. 2004 ). However, Kes 79 has a unique multiple-shell structure rather than diffuse or clumpy central brightness like other MM SNRs, and therefore might also not be a true MM SNR (Sun et al. 2004 ). We also note that W28 presently exhibits different properties from all of the other MM SNRs. W28 has a cool shell in the north-west region where the SNR is encountering a dense molecular cloud, and a hot plasma in the south-west region where the SNR seems to be breaking out in a lower density region (Rho & Borkowski 2002) . These two components have radio counterparts, and are obviously related to the large-scale inhomogeneities in the ambient medium that are influencing the radio emission as well. However, it is the two-temperature thermal central emission of W28 that is most intriguing. Preliminary Chandra results imply that soft emission is coming from a clumps embedded in hot diffuse gas .
It is often found that the evaporating cloud or thermal conduction models are able to explain individual MM cases, but there is general failure to accurately reproduce the central brightness profile, and a contribution from SN ejecta was suggested to play role in enhancing central brightness (e.g., Slane et al. 2002) . Recent results from Chandra observations of W44 show that an elemental abundance gradient is present in this SNR, and that it has a significant contribution to the steepness of radial brightness profile . Accurate determination of elemental abundances and their distribution is therefore important in studying MM SNRs. HB 3 offers an interesting case because of the possibility of under-abundant Fe. Under-abundant Fe, in contrast to enhanced abundances of Ne, Si and S, have been found in W44. assign the Ne, Si and S enhancement to SN ejecta, and suggest that Fe originates from dust destruction and is under-abundant because Fe is still mostly condensed onto grains.
conclusions
We present archival ASCA and ROSAT observations of three mixed-morphology SNRs, HB 21, CTB 1 and HB 3, as well as archival Chandra observations of CTB 1 and archival XMM-Newton observations of HB 3. As found in many other MM SNRs, the morphology of the SNRs is characterized by bright central emission and faint, diffuse emission that extends up to the radio boundary. There is a good correspondence between the ROSAT and ASCA features. We confirm the thermal origin of the central plasma and detect enhanced abundances, which imply the presence of SN ejecta in these SNRs. HB 21 was found to have a single-component plasma temperature of ∼ 0.6 keV and enhanced abundances of Si and S. ASCA and Chandra data of CTB 1 require a two-temperature thermal component, with a cooler component with kT ∼ 0.2 keV having solar abundances, and warmer component with kT ∼ 0.8 keV having enhanced abundances of Mg. ASCA data from HB 3 require a ∼ 0.2 keV thermal component with enhanced abundances of Mg. XMM data from HB 3, however, allow for two possibilities -enhanced abundances of O and Mg, with column density and plasma temperature consistent with ASCA results, or different column density and plasma temperature values with either enhanced abundance of Ne or under-abundant Fe and solar O. We revise the list of SNRs suggested to be of MM type, and briefly examine some of their properties. A significant number of MM SNRs have been found to have enhanced abundances, which Chandra data of W44 have shown to be crucial for producing the steep radial brightness profile in MM SNRs .
ASCA observations revealed a compact source in the southern part of HB 3. The column density value found towards the source differs from that found towards the SNR and they are likely unrelated. The spectrum is best described with a power law model with photon index of ∼ 2.7, or a blackbody model with temperature of ∼ 2 keV. The unabsorbed X-ray flux in the 0.5-10.0 keV band is ∼10 −12 ergs cm −2 s −1 .
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